The current study contributes to fill the knowledge gap on the neurotoxicity of inorganic mercury (iHg) in fish through the implementation of a combined evaluation of brain morphometric alterations (volume and total number of neurons plus glial cells in specific regions of the brain) and swimming behavior (endpoints related with the motor activity and mood/anxiety-like status). White seabream (Diplodus sargus) was exposed to realistic levels of iHg in water (2 g L −1 ) during 7 (E7) and 14 days (E14). After that, fish were allowed to recover for 28 days (PE28) in order to evaluate brain regeneration and reversibility of behavioral syndromes. A significant reduction in the number of cells in hypothalamus, optic tectum and cerebellum was found at E7, accompanied by relevant changes on swimming behavior. Moreover, the decrease in the number of neurons and glia in the molecular layer of the cerebellum was followed by a contraction of its volume. This is the first time that a deficit on the number of cells is reported in fish brain after iHg exposure. Interestingly, a recovery of hypothalamus and cerebellum occurred at E14, as evidenced by the identical number of cells found in exposed and control fish, and volume of cerebellum, which might be associated with an adaptive phenomenon. After 28 days post-exposure, the optic tectum continued to show a decrease in the number of cells, pointing out a higher vulnerability of this region. These morphometric alterations coincided with numerous changes on swimming behavior, related both with fish motor function and mood/anxiety-like status. Overall, current data pointed out the iHg potential to induce brain morphometric alterations, emphasizing a long-lasting neurobehavioral hazard.
Introduction
Fish brain was demonstrated to be a target organ for mercury compounds, mainly methylmercury (MeHg). This Hg counterpart can easily cross the blood-brain-barrier (BBB), reaching the brain where it exerts toxicity . Conversely, so far, little is known about the neurotoxicity of inorganic mercury (iHg) in fish. Rouleau et al. (1999) postulated that the BBB is relatively nal bioavailability. For instance, iHg (as HgCl 2 ) appeared somewhat more toxic than MeHg to glial cells and neurons in immature aggregate cultures of rat telencephalon (Monnet-Tschudi et al., 1996) . Furthermore, the majority of Hg in natural waters occurs in inorganic forms, while MeHg often contributes to less than 5% of the total waterborne Hg (Watras et al., 1998) . In the light of such evidences, the neurotoxicity of iHg in fish is worthy of investigation. Such relevance is consubstantiated by the fact that MeHg can be demethylated in the brain, leading to iHg retention over time Allen et al., 2002) . Autopsy samples taken years after exposure to MeHg revealed that inorganic species account for most of the remaining Hg in monkeys' brain . It has been suggested that the long residence time of iHg in the brain is due to the formation of an insoluble complex with selenium (WHO, 1990) .
Only a few neurotoxicological endpoints have been employed to evaluate the biological effects of iHg in fish, both in laboratory experiments (Berntssen et al., 2003; Wang et al., 2011) and under field exposures (Mieiro et al., 2011) . Both Berntssen et al. (2003) and Mieiro et al. (2011) searched for changes in oxidative stress profiles, while Wang et al. (2011) assessed alterations in the protein expression. Moreover, a histopathological examination of fish brain was performed by Berntssen et al. (2003) , revealing a widespread neuronal degradation as an effect of iHg deposition. Such evidences are in line with observations in the brain of mammals exposed to iHg, either humans (Eto, 1997) or rodents (Fujimura and Usuki, 2012) . Apoptosis is a key mechanism of neuronal destruction in degenerative brain damage and it has been widely related with Hg exposure, mainly MeHg (Aschner and Ceccatelli, 2010; Aschner et al., 2013) . For instance, the accumulation of Hg in glial cells leads to apoptosis, thus, contributing to neuronal degeneration (Ohgoh et al., 2000) . Moreover, the exposure of a developing rat brain to iHg elicited a rapid inhibition of cell proliferation, particularly in the hippocampus and cerebellum, two regions of postnatal neurogenesis (Burke et al., 2006) . In contrast, iHg led to a significant increase in the number of reactive glial cells in monkeys (Charleston et al., 1994) . This study also revealed a significant increase in the volume of brain regions of iHg treated monkeys, possibly related with edema (Charleston et al., 1994) . Despite iHg triggered apoptosis of rodents' neuronal cells and interfered with regeneration of brain cells, fish were never examined for such processes. In this context, the assessment of brain morphometric alterations in specific brain regions upon iHg exposure could provide, for the first time, an indication of potential brain degradation and regeneration.
Behavioral changes are widely described as an integrated manifestation of biochemical and structural disturbances (Scott and Sloman, 2004) . As previously stated, certain anatomical regions of the rodents' brain seemed to be more vulnerable to iHg exposure, namely cerebellum and brain stem (Møller-Madsen and Danscher, 1986) . Structural alterations in those regions regulating the motor system could lead to neurobehavioral impairments (e.g., ataxia, paresthesia, insomnia, tremors) in humans and wildlife (reviewed by ATSDR, 1999) . In fact, the motor function of rats was compromised after exposure to iHg, as demonstrated by the negative geotaxis and beaker test (Moraes-Silva et al., 2014) . Moreover, the chronic exposure to iHg can impair memory formation in rats, leading to a deficit on object recognition and aversive memories (Mello-Carpes et al., 2013) . Fish exposure to iHg provided contrasting results, namely on the Atlantic salmon where no alterations were found on overall activity (Berntssen et al., 2003) , while Pomatoschistus microps exhibited a reduced ability to swim (Vieira et al., 2009 ). In addition, Vieira et al. (2009) found concentrationdependent effects on swimming resistance and covered distance at concentrations equal or higher than 3 g L −1 .
The evaluation of swimming performance is considered a paradigmatic endpoint of the fish motor status that is being widely used to evaluate neurobehavioral effects of aquatic contaminants (e.g., Little and Finger, 1990; Vieira et al., 2009; Almeida et al., 2010) . In addition, the evaluation of the anxiety-like status of fish has been recently proposed to assess behavioral effects of toxic substances (Maximino et al., 2010 (Maximino et al., , 2012 . Though Hg was never associated with such symptoms in fish, human epidemiological studies established a relationship between Hg accumulation and depression (Wojcik et al., 2006) , a major mood alteration.
According to Korbas et al. (2010) , the accumulation of Hg in brain of fish does not imply per se toxicity, which can be partially related to the chemical form of Hg in the cells and protection mechanisms. Particularly, iHg can be stored as Hg selenide (HgSe) that is considered an inert nontoxic form (Korbas et al., 2010) . Nevertheless, iHg can induce effects in the brain by causing a deficiency of essential Se-dependent enzymes, which is an indirect mechanism of iHg toxicity called the "selenium depletion hypothesis" (Korbas et al., 2010) . Hg deposits were located exclusively in the lysosomes of brain cells of rats exposed to HgCl 2 and presented as a sequestration strategy (Møller-Madsen and Danscher, 1991) .
The neurotoxicity of iHg in fish was never assessed by a comprehensive approach, comprising brain morphometric and behavioral evaluations. Hence, this study tackles the impact of iHg in the brain of fish (white seabream-Diplodus sargus) by the implementation of such approach. The study aims to clarify in what extent iHg accumulation induces morphometric alterations and impairment of swimming behavior, as well as the processes of brain recovery and reversibility of behavior alterations along with iHg depuration. Thus, a combined approach was designed to answer these questions, comprising: (i) stereological evaluation of the total number of cells (neurons plus glia) and volume of specific regions of the encephalon (medial and lateral pallia, optic tectum, hypothalamus and cerebellum); (ii) assessment of fish swimming behavior through diverse exploratory endpoints that include the evaluation of motor performance and potential mood/anxiety-like status of fish. Fish were surveyed after 7 and 14 days of iHg exposure, as well as after a 28 days post-exposure period. A realistic waterborne Hg concentration was tested (2 g L −1 ) in order to produce reliable data for environmental health assessment. The exposure level is comparable to those found in contaminated water of rice fields in China (1.5 g L −1 ) (Horvat et al., 2003) or during a flooding event in Kazakhstan (ranging between 1.6 and 4.3 g L −1 ) (Li et al., 2009 ).
Material and methods

Experimental set-up
The white seabream D. sargus was selected as a test organism since it is an abundant fish in estuarine systems, where Hg contamination is a frequent scenario (Pereira et al., 2009) . In this context, D. sargus was previously employed to investigate the toxicokinetics of iHg (Pereira et al., 2015) . Moreover, it is effortlessly maintained in the laboratory and is easy to handle, which is an important trait to perform behavior studies.
Juvenile specimens (sexually immature) were used in the experiment, provided by an Aquaculture Research Station (IPMA-Olhão, Portugal), from the same cohort (weight: 146 ± 14 g; total length: 19 ± 1 cm). At this stage of development, D. sargus have an undifferentiated gender. Fish were kept in 300 L fiberglass taperedcylindrical tanks with an average initial density of 0.0068 kg L −1 , under a 10:14 light:dark photoperiod. A total of 12 tanks with the same characteristics were used in the experiment (6 for control condition and 6 for exposure to iHg). Each tank contained at the beginning of the experiment a total of 14 individuals. All tanks were placed in the same aquaria room. Seawater was renewed daily (around 80%) and fish were fed once a day with a commer-cial dry food [standard 3 mm from Sorgal (Portugal)], 1-2 h before water renewal. Total Hg levels in food pellets were lower than 0.01 g g −1 . On the sampling days, fish were not fed in the 12 h preceding fish handling. Water temperature, salinity, dissolved oxygen and pH were monitored daily throughout the experiment, varying as follows, respectively: 13.5 ± 0.3 • C, 35 ± 2, 6.28 ± 0.6 mg L −1 and 7.0 ± 0.5 (mean values in all 12 tanks). Control fish were kept throughout the experiment in tanks filled with clean seawater that was renewed every day, as described.
Prior to Hg exposure, fish were allowed to acclimatize to experimental conditions and routines for two weeks. Fifteen fish were sacrificed at the beginning of the experiment and used as the initial reference group (time zero; T0) (n = 5 for brain morphometric analyses and n = 10 for evaluation of fish swimming behavior) (Fig. 1) .
Mercury was added to the water of the exposure tanks from a standard solution of Hg (1000 mg L −1 , Hg 2+ ) of Sigma-Aldrich in order to reach a final concentration of 2 g L −1 (nominal concentration). Hg was added on a daily basis after water renewal i.e. daily water recontamination. The standard solution of Hg was maintained at 4 • C throughout the exposure period. The Hg concentration tested (2 g L −1 ) was established considering previous studies in contaminated areas (Horvat et al., 2003; Li et al., 2009 ) in order to mimic environmentally realistic conditions. Moreover, the Environmental Protection Agency established a maximum contaminant level goal for Hg in drinking water of 2 g L −1 , meaning that safety levels for human health need to be below this value (EPA, 2015) .
Fish wellbeing deserved a permanent attention, in accordance with national and international guidelines for the protection of animal welfare, namely with the ethical guidelines of the European Union Council (Directive 2010/63/EU). Moreover, two of the coauthors are authorized by the competent Portuguese authorities to perform animal experiments.
Fish were exposed to iHg for 7 (E7) and 14 (E14) days. Thereafter, fish were maintained in clean water (post-exposure) provided by a flow-through system and in the same tanks used for exposure (Fig. 1) . In each sampling time point, a total of 15 fish were sampled per condition, being divided by the different components of the study as follows: n = 5 for brain morphometric analyses; n = 10 for fish behavioral evaluation. The experiment had a total duration of 42 days.
During the exposure period (at days 1, 3, 7 and 14), water samples were collected in triplicates, from exposure and control tanks, 24 h after recontamination to quantify total Hg (tHg) levels. Values of tHg in the exposure tanks varied between 0.05 and 0.36 g L −1 , which would correspond to the minimum exposure concentration. Levels of tHg in the control tanks were always below the detection limit throughout the experiment (<0.1 ng L −1 ). Identically, at day 42 (post-exposure period), both in control and in previously contaminated tanks, tHg was below the analytical detection limit.
Brain collection
Fish used for stereological measurements were anesthetized immediately after collection with tricaine methanesulfonate (MS-222) during approximately 15 min that was the time required to fish loss its equilibrium and to become "handleable", as previously defined (Gilderhus and Marking, 1987) . Then, fish were weighed, measured, and sacrificed by cervical transection. Fish were properly bled and whole brain (comprising rostral and caudal portions) was removed, and immersed in a solution of 4% paraformaldehyde in phosphate-buffered saline (pH 7.4) for a minimum of 72 h, with no rinses. The brains were then dehydrated via graded concentrations of ethanol and embedded in glycolmethacrylate resin, using a Technovit 7100 embedding kit (Heraeus Kulzer GmbH, Werheim, Germany).
Morphometric analyses of brain regions
Each brain was serially sectioned (30 m) in the coronal plane with a rotating microtome (Leica, Germany) and collected on superfrost slides (4951PLUS4; Thermoscientific, USA). The brain sections were stained with Giemsa's azur eosin methylene blue solution (Merck, Darmstadt, Germany) at 20% concentration for 15 min, mounted with Entellan New (Merck, Darmstadt, Germany) and coverslipped.
Observations covered all encephalon areas (telencephalon; diencephalon; mesencephalon; rhombencephalon) but specific zones were selected within each area considering their key roles in controlling neurobehavioral functions, namely the medial and lateral pallia, hypothalamus, optic tectum and cerebellum. To the best of our knowledge, no brain atlas was published concerning D. sargus' brain anatomy. Hence, the identification of these brain regions was performed by comparison with the brain atlas of the gilthead seabream Sparus aurata (Muñoz-Cueto, 2001), which also belongs to the Sparidae family, and the boundaries of the brain regions were established based on their cytoarchitecture (Fig. 2) . In this study, cerebellum refers only to the molecular cell layer of both the valvula and corpus cerebelli. The molecular cell layer consists mainly of nerve fibers and inhibitory stellate cells (Ikenaga, 2013; Kaslin and Brand, 2013) . The stellate cells receive excitatory inputs from parallel fibers and provide GABAergic inhibitory inputs to dendrites of the Purkinje cells. In this way, the inhibitory interneurons can modulate motor coordination and are essential for motor and associative learning, and therefore are important for information processing in the cerebellum (Kaslin and Brand, 2013; Liu, 2013) . Additionally, it is within the molecular layers of the cerebellum that are harbored the stem cells, which contribute to the potential of the intact brain to generate new neurons continuously, and to the injured brain to replace damaged cells by newly generated ones (Zupanc, 2008; 2009; Zupanc and Sîrbulescu, 2013) .
The Cavalieri method (Gundersen and Jensen, 1987; Gundersen et al., 1988; West, 2012) was used to estimate the volume of the lateral pallium, medial pallium, hypothalamus, optic tectum, and cerebellum. The Cavalieri estimator of the volume of an object is based on the areas of the sectional profiles of an object seen in a series of parallel sections cut at uniform intervals through the object (West, 2012) . Hence, using the StereoInvestigator software (MicroBrightField, Williston, VT, USA) and a camera (DXC390; Sony, Tokyo, Japan) attached to a motorized microscope (Axioplan 2; Zeiss, Oberkochen, Germany), the contours of the brain regions were drawn using a 2.5x Plan-Neofluar objective (N.A. 0.075), at the final magnification of 25x, to obtain their cross sectional areas. Throughout the whole brain one in every 8 sections was delimitated and analyzed, yielding a distance of 240 m between sections. The first section was selected randomly within the first eight sections.
The number of both neurons and glial cells in each brain region was estimated using the optical fractionator technique (West et al., 1991; Sørensen et al., 2000; Keuker et al., 2001; West, 2013a,b) . The optical fractionator is a combination of (i) the fractionator sampling, a scheme involving the probing of a known fraction of the tissue, and (ii) the optical disector, which is a three-dimensional probe used for counting cells. With the optical fractionator sampling scheme, no information on the size of the brain region or the magnification of the microscope is needed, and it is independent of tissue's swelling and/or shrinking during processing. Following the delimitation of the brain regions for volume estimation, the neurons and glia were counted on thin focal plane scanning in the Zaxis, using a 100x Plan-Neofluar oil objective (N.A. 1.30) and a final magnification of 1000x. The StereoInvestigator software positioned ). Prior to Hg exposure, fish were allowed to acclimatize for 2 weeks (T0). Fish were exposed for 7 and 14 days (conditions E7 and E14, respectively). Thereafter, fish were transferred to clean water and allowed to recover for 28 days (PE28 condition). In parallel, control groups were also considered. the optical disectors systematically and randomly on each of the sampled sections at regular predetermined x, y-positions to ensure that all parts of the brain region had an equal probability of being sampled. The x and y step sizes of the mesh grid that define the disector positions were the following: 500 × 500 m in lateral pallium, medial pallium and hypothalamus; 550 × 550 m in optic tectum; 600 × 600 m in cerebellum (the molecular layer of both corpus cerebelli and valvula cerebelli were studied as one). The dimensions of the optical disector were 30 × 30 m, and 20 m height in all brain regions, and a guard zone of 5 m above the disector box. Cells were counted when the nucleus, in the case of neurons, or the cell profile, in the case of glia, came into focus, within the optical disector or intersected the inclusion planes without touching the exclusion planes on the unbiased counting frame. High magnification photomicrographs with examples of typical neuronal and glial morphologies, representative of each brain region analyzed, are present in Fig. 3B . All fish were blind coded to eliminate any bias by the experimenter.
During the counting procedure, no distinction was made between neurons and glial cells. Although the larger neurons, with their perikarya and nucleus with nucleoli, can be easily separated from the smaller and numerous glial cells, with round nucleus, which are usually identified as oligodendrocytes, the same might not be true for neurons of smaller dimensions and larger glial cells (astrocytes) (Nielsen et al., 2011; Hou et al., 2012) . Thus, it was decided to evaluate changes in the number of total cells (neurons plus glial cells).
Both the volume and the total cell number (neurons and glial cells) of bilateral brain regions, such as the lateral and medial pallia, hypothalamus and optic tectum, were estimated in the right and left hemispheres and the values presented as the average of both hemispheres. For the cerebellum, the total volume and cell number of the molecular layer were estimated as a whole due to its central localization in the brain. 
Photomicrographs
The representative photomicrographs of the coronal sections ( Fig. 2 A-D) were captured with a digital camera (Olympus Sc30) mounted on Olympus SZX7 zoom stereo microscope, and using the Cell-P software (Olympus, Germany). The photograph of lateral view of a whole brain of D. sargus (Fig. 2 A'-D') was shot with a digital camera (Sony Handycam DCR-SR52). The photomicrographs of stained sections in Fig. 3A and B were shot with a digital camera (Olympus DP) mounted on an Olympus BX61 microscope (Olympus, Germany) with a 4x (UPlan SApO, N.A. 0.16) objective or 100x (UPlan SApO, N.A. 1.4) oil objective, using the Cell-P software (Olympus, Germany).
Evaluation of fish swimming behavior
At each sampling time point, fish were caught individually and randomly, rapidly transported in a 10-L bucket into the behavioral test room, and immediately introduced into the behavior evaluation device (BED) (Fig. 4) . The BED consists in a 4 m long polypropylene tube (transparent) with a metric scale (every 10 cm), 30 cm diameter, and a refuge area (black polypropylene tube) in the extreme A (Fig. 4) . All fish were handled in a consistent manner and introduced in the BED, close to the water outlet, in the same position, i.e., placed vertically and with the head against the water flow. Then, fish were allowed to swim against a non-contaminated water flow of 150 L min −1 . Unnecessary movements or noise were avoided during the tests. The white seabream has a vigorous swimming activity, making it suitable to the evaluation by the designed BED, which allows fish to swim against a strong water flow. This premise is in line with Hernández-Moreno et al. (2011) and Gravato and Guilhermino (2009) that performed an identical assessment of sea bass (Dicentrarchus labrax) swimming behavior.
The swimming behavior of each fish was videotaped (Sony Handycam DCR-SR52) by an experimenter placed 4 m away from the BED, during 3 min, for posterior visualization and analysis. Several endpoints were registered during the behavior tests and further confirmed after the video examination. These endpoints were divided in two major branches, i.e., those concerned mainly with motor aspects and the ones evaluating fine aspects related with the mood/anxiety-like behavior of fish.
Motor performance: Mood/anxiety-like signs: Fig. 4 . Illustration of the behavior evaluation device (BED) adopted in the proposed protocol. The water flow direction, the swimming direction of fish in the first run, point for fish introduction, refuge area, as well as the tube extremes, corresponding to the seawater outlet (A) and inlet (B), are represented.
-Refuge latency (s)-time elapsed until fish hid in the refuge area; -Immobility latency (s)-time spent swimming until immobilization for at least 3 s; -Dragging latency (s)-period of time swimming until being dragged towards the dragging zone, which was considered to be the half of the tube farther from the water inflow (in the latter 2 m towards the extreme A of the tube; see Fig. 4 ).
It should be noticed that fish sometimes do not attain all the endpoints. For example, if the fish swims continuously until refuge in the dark area, the time to be dragged, time for immobilization and time to refuge are the same for statistical purposes; additionally, if the fish does not take refuge or does not stop swimming, the immobilization latency, the dragging latency and the refuge latency are considered to be the time limit of the test, 3 min.
All the tests were performed between 12:00 h and 16:00 h, since the white seabream has been described as a diurnally active fish, influenced by light intensity (Figueiredo et al., 2005; Abecasis et al., 2013) . After testing, fish were removed carefully from the BED and transferred to a discard tank. Discarded animals were not used in any another evaluation (morphometric or behavioral).
The device construction and the selection of endpoints were based on a previous work performed with fish (Vieira et al., 2009 ). However, the behavioral approach implemented in the current study was more complete than the previous one, by including several new endpoints related both with fish motor function and its potential mood/anxiety-like status. These were based on an adaption of endpoints of standardized behavioral tests performed in fish to evaluate exploitation-based anxiety-like behavior (Maximino et al., 2012) , and in rats to evaluate depressive-like (forced swimming test) behavior (Sousa et al., 2006; Slattery and Cryan, 2012 ).
Data analysis
GraphPad software (GraphPad Prism version 6.01 for Windows, GraphPad Software) was used to perform the statistical analyses. All data were firstly tested for normality (Shapiro-Wilk test) and homogeneity of variance (Brown-Forsythe test). The differences between control and exposed fish at each sampling time were assessed using an unpaired Student's t-test with a significance level of 0.05 (two-tailed). If a discrete variable was present, a nonparametric Mann-Whitney U-test (two-sided, unpaired) was employed. The results were considered to be statistically different when p < 0.05 and data are presented as mean ± standard error of the mean (SEM).
Results
No fish mortality was observed during the experiment. Though feeding was not strictly monitored, no alterations were perceptible during and after treatment on fish feeding behavior. Fish condition was assessed along the experiment through the Fulton's condition factor (K), according to the expression K = (W × 100)/L 3 , where W = weight (g) and L = total length (cm). At E7, E14 and PE28 the condition factor of control (2.2 ± 0.06; 2.3 ± 0.07; 2.2 ± 0.09, respectively) and exposed fish (2.1 ± 0.08; 2.3 ± 0.07; 2.2 ± 0.06, respectively) showed no significant differences within each sampling time, being K values also statistically similar to T0 fish (2.2 ± 0.08).
Number of cells and volume of brain regions
After 7 days of exposure to iHg, a significant reduction in the total number of neurons plus glial cells in hypothalamus (t-test, p < 0.001), optic tectum (t-test, p = 0.009) and cerebellum (t-test, p = 0.037) (Fig. 5C-E) was found. No alterations in the number of cells were recorded after 14 days of exposure or in the post-exposure period (PE28) in the hypothalamus and cerebellum ( Fig. 5C-E) . Contrastingly, the optic tectum of exposed fish showed a lower number of brain cells than control after 14 days of exposure (t-test, p = 0.037) and in the post-exposure period (t-test, p = 0.021) (Fig. 5D ). Moreover, the medial and lateral pallium did not show any alteration in the number of brain cells throughout the experiment (E7, E14 and PE28) ( Fig. 5A and B) .
A significant decrease in the cerebellum volume was found in exposed fish at E7, in comparison with control fish (t-test, p = 0.004; Fig. 5E') . No significant volume alterations were found on medial and lateral pallium, hypothalamus and optic tectum during exposure to iHg (E7 and E14) and in the post-exposure period (PE28) (Fig. 5A'-D' ).
Swimming behavior of fish
In what concerns general motor behavior, fish exposed to iHg swam a smaller distance in the first run than controls after 7 days of exposure (E7) (t-test, p = 0.025; Fig. 6A ). At this condition, exposed fish showed also a lower velocity in the first run (t-test, p = 0.003; Fig. 6C ). No alterations were found on fish motor behavior after 14 days of exposure. At 28 days post-exposure (PE28), fish previously exposed still swam a smaller distance (t-test, p = 0.015; Fig. 6A ) and during less time (t-test, p = 0.002; Fig. 6B ) than controls in the first run. Additionally, at PE28 previously exposed fish swam less times (Mann-Whitney U-test, p = 0.005; Fig. 6D ) and a smaller distance (t-test, p = 0.021; Fig. 6E ) during the 3 min of observation than controls. No significant differences were found between exposed Fig. 5 . Number of cells (A-E) and respective volumes (A'-E') of lateral and medial pallia, hypothalamus, optic tectum and cerebellum in white seabream. Data are presented for 7 (E7) and 14 (E14) days of exposure to inorganic Hg (shaded area) and 28 days post-exposure (PE28). Number of cells and volumes prior to the experiment (T0) are also indicated. Data correspond to mean ± SEM; n = 5 per group. Significant differences in comparison to the control group are indicated by *(p < 0.05), **(p < 0.01) and ***(p < 0.001) for each experimental time. fish and controls, during the entire experiment, regarding the total swimming time (Fig. 6F) .
In what concerns the assessment of mood/anxiety-like behavior, fish exposed to iHg during 7 days showed alterations only in the time spent to take refuge on the dark area of BED, as they spent less time than controls to seek protection (t-test, p = 0.024; Fig. 7A ). No alterations were found on fish mood/anxiety behavior after 14 days of exposure. Additionally, at PE28 previously exposed fish also spent less time to reach immobility (t-test, p = 0.026; Fig. 7B ) and to be dragged (t-test, p = 0.044; Fig. 7C ) than controls.
Discussion
The current study pinpointed that harmful levels of iHg could reach fish brain after exposure to environmentally relevant concentrations in water, eliciting a significant loss of brain cells (neurons plus glial cells) in specific regions (hypothalamus, optic tectum and molecular layer of the cerebellum), a decrease of cerebellum volume (molecular layer) and the impairment of fish swimming behavior. This is the first time that a deficient number of cells is reported in the fish brain after iHg exposure. Unexpectedly, a recovery of several brain regions was observed at E14, when the maximum of iHg had reached the brain (Pereira et al., 2015) , unveiling the potential occurrence of adaptive mechanisms. The hypothalamus and cerebellum kept a balanced condition in the post-exposure period, while the optic tectum showed higher vulnerability to iHg deposition by maintaining the loss of brain cells. The long-term effects of iHg were also disclosed by numerous alterations on motor and mood/anxiety-like behavior after 28 days of recovery. 
iHg-induced brain morphological alterations
iHg elicited quantitative morphological alterations in specific brain regions of fish, namely in hypothalamus, optic tectum and cerebellum (molecular layer), indicating that those areas were targeted by this Hg form. In fact, in the exposure period, a significant decrease in the number of cells in those areas was only recorded on day 7. At this time, it was also found a relevant accumulation of Hg (0.62 g g −1 ) in whole fish brain (Pereira et al., 2015) . iHg enter the brain either through the bloodstream after crossing the BBB (Korbas et al., 2013) or by axonal transport following a direct sensory uptake from water (Rouleau et al., 1999) . Pereira et al. (2015) did not evaluate the distribution of iHg by different brain regions mainly due to analytical restrictions, although a heterogeneous distribution of iHg was described for mammals' brain, being mostly accumulated in rhombencephalon while a lower deposition was found in telencephalon (Møller-Madsen and Danscher, 1991) . Similarly, iHg was accumulated in specific areas of fish brain (olfactory system, cerebellum, optic nerve and tectum, and rhombencephalon) following exposure via water (Rouleau et al., 1999) . A non-uniform distribution of iHg might also be currently hypothesized for the brain of white seabream. This would explain the occurrence of cell loss in hypothalamus, optic tectum and cerebellum, while no changes were found in medial and lateral pallia.
iHg has a great affinity for selenium in the brain, being mainly accumulated as mercuric selenide (HgSe) (Korbas et al., 2010 ). This complex was described as a non-toxic and inert form for the cellular components (Korbas et al., 2010) , but changes on biochemical endpoints in fish were described after exposure to HgCl 2 (Berntssen et al., 2003) , as well as impairment of swimming behavior (Vieira et al., 2009 ). This pointed out the indirect effects of HgCl 2 in fish brain probably related with Hg complexation with Se, namely by its interference with cellular components that depend on this essential element (e.g., Se-dependent enzymes). In fact, in the current experiment another set of D. sargus brain was analyzed for antioxidant enzymes, being glutathione peroxidase consistently inhibited during exposure to iHg (Albuquerque et al., unpublished data). It is also plausible that iHg exposure of D. sargus resulted in an accumulation of HgS complex in brain cells, similarly to observations in fish liver and kidney (Baatrup and Danscher, 1987) . HgS is mainly stored in lysosomes probably preventing biological effects, although long-term effects of HgS would be expected depending on HgS interference with lysosomal enzymes (Møller-Madsen and Danscher, 1986) . In fact, the subcellular distribution of Hg is considered essential to predict Hg toxicity (Le Faucheur et al., 2014) . For instance, in algae, organelles and heat denatured proteins represent the Hg-sensitive fractions, while granules and heat-stable proteins are involved in cellular protection against Hg (Le Faucheur et al., 2014) . Overall, to interpret more accurately morphometric changes in the brain of D. sargus upon iHg exposure, it would be important to know intracellular speciation of Hg, as well as its subcellular distribution. While it is known that iHg can form complexes with Se or S in brain of rodents, allowing some extrapolation for fish, no information is available on iHg subcellular distribution in fish brain.
Only a few studies have focused in the neurotoxicity of Hg in fish (Berntssen et al., 2003) , but there are a number of works carried out in rodents on this thematic, all emphasizing that the mechanisms of Hg toxicity in brain have not been fully elucidated yet. Apoptosis is possibly one of the mechanisms behind Hg toxicity (Toimela and Tähti, 2004) , leading to a reduction in the number of brain cells. In fact, apoptosis is a highly conserved cell death process involved in tissue remodeling and degeneration in a variety of cell types . Previous studies reported that Hg (mainly MeHg) causes apoptosis in several model organisms, namely in rat cerebellum (Nagashima et al., 1995; Nagashima, 1997 ) and mice cortex (Fujimura et al., 2009) . Cell death via apoptosis may also be involved in the loss of astrocytes reported in the brain of monkeys exposed chronically to low levels of MeHg . Moreover, fish brain showed a diffuse necrosis after 4 months of exposure to iHg (Berntssen et al., 2003) . The current loss of brain cells in hypothalamus, optic tectum and cerebellum can be an evidence of apoptosis induced by iHg accumulation and future studies should evaluate this hypothesis. Marginally, higher pro-oxidant levels can cause cell death by overstimulation of physiological signaling or by recruitment of cytotoxic reactions (Dypbukt et al., 1994) . Interestingly, in a parallel study the activities of antioxidant enzymes in brain of white seabream exposed to iHg for 7 days, pointed out the overproduction of reactive oxygen species (Albuquerque et al., unpublished data); this concomitant effect supports the previous hypothesis. Moreover, oxidative damage in brain at E7 was hinted by the enhancement of protein carbonyl groups, highlighting the vulnerability of this organ to iHg deposition (Albuquerque et al., unpublished data). The loss of brain cells recorded in cerebellum after 7 days of Hg deposition was accompanied by a decrease of volume in this area.
Cell proliferation in brain of teleost fish occurs throughout life (Maruska et al., 2012) . For instance, within a period of 2 h, approximately 100,000 cells (corresponding to roughly 0.2% of the total population of brain cells) enter the S-phase of mitosis in the species Apteronotus leptorhynchus (Zupanc and Ott, 1999) . Hence, the lower number of cells observed in several brain regions of D. sargus after exposure to iHg may also be related with the inhibition of cell proliferation, as observed in the hippocampus and cerebellum of rat exposed to MeHg (Burke et al., 2006) . So far, it remains unknown if iHg can reduce cell proliferation in fish brain. Nevertheless, cerebellar mechanical lesions in fish can induce high proliferative activity especially in areas in close vicinity to the injury, although the number of cells produced also increased in other regions (Zupanc and Ott, 1999) . Keeping these findings in view, it should also be hypothesized that the loss of brain cells in hypothalamus, optic tectum and cerebellum of D. sargus was not fully compensated by cell proliferation.
Brain morphometric evaluation at E14 revealed a recovery of hypothalamus, and cerebellum, since an identical number of brain cells and a similar volume of cerebellum were found in exposed and control fish. This morphometric recovery was found together with an elevated deposition of iHg in brain, suggesting that some adaptive mechanisms were probably activated between E7 and E14. Several phenomena can be on the basis of brain cells adaptation to increasingly levels of iHg accumulation, being the activation of antioxidant systems one the most plausible mechanisms. In fact, an activation of antioxidant enzymes (superoxide dismutase-SOD and glutathione peroxidase-GPx) was found in the brain of white seabream at E14 (Albuquerque et al., unpublished data), corroborating their involvement in cellular adaptation to iHg. Moreover, the induction of SOD and GPx at E14 seemed to prevent oxidative damage, contrarily to what occurred at E7 as discussed above. Recovery of hypothalamus and cerebellum implies the formation of new brain cells at E14. Teleost fish brain possesses an enormous potential for regeneration that would involve different processes, namely: (i) elimination of damaged cells by apoptosis, instead of necrosis; (ii) increased production of new neurons that replace neurons lost by injury; and (iii) activation of developmental mechanisms that mediate directed migration of the new cells to the site of injury, the differentiation of the young cells, and their integration into the existing neural network (Zupanc, 2009) . Future studies should elucidate on the appropriate mechanism(s) involved in the recovery of hypothalamus and cerebellum of fish.
The higher accumulation of iHg in brain (at E14) was not followed by increased cells loss, which is apparently an incongruent result. However, it is in agreement with a non-monotonic dose-response model, typically characterized by the occurrence of opposite effects at low and high doses. Non-monotonic responses were previously identified for a large number of chemicals and physical agents, including metals (Calabrese and Blain, 2011) .
The toxicodynamics of iHg in the optic tectum was distinct from that of the hypothalamus and cerebellum, as disclosed by morphometric results after E14 and 28 days of post-exposure. No changes in the number of brain cells were found at PE28 in the hypothalamus and cerebellum, probably meaning that the adaptive mechanisms previously invoked at E14 were maintained in both brain regions. This recovery was not followed by an elimination of iHg considering bioaccumulation data for the whole brain published in Pereira et al. (2015) . Based on that slow elimination of iHg from the brain it is improbable that an area-specific elimination of iHg had occurred, corroborating again the hypothesis of adaptation invoked for E14 results. On the contrary, a cell deficit was found in the optic tectum at E14 and PE28, pointing out a higher vulnerability of this area to iHg. This distinct profile suggests that the hypothalamus and cerebellum were only transiently affected by iHg exposure, while optic tectum seems to be more susceptible to iHg deposition.
Overall, the response of the fish brain to iHg exposure displayed a multiphasic pattern that is complex to interpret. It comprised an initial phase of cells loss in the hypothalamus, cerebellum and optic tectum at E7, as well as a contraction of the cerebellum molecular layer volume due to iHg deposition. Then, a phase of homeostatic adjustments occurred at higher levels of iHg (E14) in the hypothalamus and cerebellum, leading to brain recovery as expressed by an identical number of cells in the two brain regions in both exposed and control animals. On the other hand, in the optic tectum the elevated accumulation of iHg that was maintained in brain led to morphometric effects along all times analyzed (E7, E14 and PE28).
Finally, it is also plausible that mercury exposure can result in abnormal connectivity between the brain regions. For instance, Hg is able to induce axonal degeneration (Fujimura and Usuki, 2012) , and change neuronal excitability, which eventually lead to degradation of the network connectivity (Xu et al., 2012) . However, to the best of our knowledge, the putative changes in long-distance neuronal connections due to Hg exposure, in both mammals and fish brains, have not been addressed so far.
Swimming behavior impairment and association with brain morphological alterations
The impairments of swimming performance found in the current study cannot be explained by decreased fish condition index, since K values did not vary significantly between control and exposed fish at any experimental time.
The loss of brain cells in the optic tectum and cerebellum (molecular layer) after 7 days of exposure to iHg might influence the schooling, sensory and motor function of D. sargus. In fact, the optic tectum plays a significant role in correlating optic and exteroceptive impulses (Roy et al., 2006) , while the cerebellum is essential for the classical conditioning of simple motor reflexes, emotional learning and spatial cognition (Rodriguez et al., 2005) . D. sargus displayed impairment of motor function at least at the strength level after 7 days of exposure to iHg, as evidenced by the smaller distance swam in the first run in comparison with control fish, as well as the corresponding lower velocity. Those impairments can be related with damage of optic tectum and cerebellum after iHg deposition. Vieira et al. (2009) also observed a reduction of fish swimming resistance and covered distance after iHg exposure, although morphological alterations in brain were not evaluated. It should be noted however, that gross motor alterations do not seem to be present, as the total distance swam, total time swam, and swimming frequency during the 3 min' testing were similar between E7 and control groups.
In fish, as in mammalians, anxiety is the response to potential or distant threat (Maximino et al., 2012) . This seems to be the case of the exploitation-based model of the present work, where the fish were placed in the extreme of a 4 m tube. Importantly, the water height inside the tube does not allow an evaluation of diving, a reported measure of anxiety in the novel tank diving test (Levin et al., 2007) , as the fish has just a few centimeters of water above its height in the tube. However, the aversiveness for light areas versus seeking of dark areas is known in fish and mammals based on the dual conflict between the motivation to explore a new environment and neophobia (tendency to avoid a new situation) (Sousa et al., 2006; Maximino et al., 2007 Maximino et al., , 2012 . Thus, the time for refuge in the dark area of the tube may be used as an indirect measure of anxietylike behavior of D. sargus. On the other hand, two other behavioral measures were performed, the latency to be dragged and latency to immobility. A shorter latency to be dragged and immobility may represent a decrease in motivation to swim in order to attempt to escape from the BED, therefore a measure of fish helplessness. Since helplessness is a component of depressive-like behavior in rodents (Sousa et al., 2006) we suggest that these two endpoints can be considered an indication of alteration in mood/depressive-like behavior. In addition, since the white seabream apparently develops an aggressive behavior against its conspecifics (Caballero and Castro-Hdez, 2003; Papoutsoglou et al., 2006; Karakatsouli et al., 2007) , it is probable that at least the "first run distance", "first run time" and "first run velocity" represent indeed more pure motor behaviors in contrast with later behaviors like "refuge latency", "immobility latency" and "dragging latency" that may represent mood-related traits.
The accumulation of iHg can result in mood (anxiety/depression) or emotional alterations in humans (Siblerud et al., 1994; Bernhoft, 2012) . Here, iHg deposition in brain could result on increased anxiety-like responses in fish associated with the stress of exploiting a new environment; this is pointed out by the lower time that fish spent in the light area of the tube after 7 days of exposure to iHg, in comparison with control fish, corresponding to a lower time to seek refuge in the dark safety area. This behavioral alteration could be the ultimate manifestation of iHg effects in the hypothalamus, since a decline of brain cells was recorded in this area. In fact, the hypothalamus is involved in hormone secretion and homeostasis (Lin et al., 2000) , being essential for autonomic and neuroendocrine responses to stress in mammals (Herman and Cullinan, 1997) . Curiously, neuropathies in the rat induce decreased volume of the frontal cortex, which were coincident with the onset of altered anxious behavior (Seminowicz et al., 2009) . The same association between altered brain volume and onset of mood alterations seemed to occur in the present study. Moreover, a similar rationale may be at the basis of the recovery of mood/anxiety-like alterations at E14, since they are also paralleled by a recovery in the cerebellum volume that was altered at E7. It is possible that the alterations in cell numbers observed at PE28, although not associated with altered volumes might be responsible per se for the behavioral changes in mood/anxiety.
At the end of the post-exposure time that lasted 28 days (PE28), several behavioral traits seemed to be compromised. At the motor level, previously exposed fish swam a smaller distance and for less time than controls in the first run, and also swam a smaller total distance and a lower number of times than controls during the 3 min of observation. On the other hand, at the mood/anxiety level, PE28 exposed fish showed a lower immobility latency, which may represent a decreased motivation to swim and seek safety. In support of this hypothesis, exposed fish were also dragged earlier than controls at the end of the testing period (PE28), which may indicate a decreased motivation to escape than control fish. As observed after 7 days of exposure to iHg and also at the end of the post-exposure time, motor function seemed to be partly compromised and mood/anxiety alterations were found. At the same time, the optic tectum of exposed fish displayed a lower number of brain cells than controls, highlighting the critical role of this area on modulating fish behavior. Moreover, it can be suggested that morphometric alterations in this specific brain area can determine behavioral shifts, even if the cerebellum and hypothalamus remain unaffected.
Conclusions
According to the present results, it can be concluded that:
-iHg elicited cellular loss (neurons plus glial cells) in specific brain regions of fish, namely in hypothalamus, optic tectum and molecular layer of the cerebellum after 7 days of exposure. Such brain damage was accompanied by impairment of motor function and altered mood/anxiety-like behavior in fish. -A recovery of the hypothalamus and cerebellum was observed after 14 days of exposure to iHg, probably related with the activation of adaptive mechanisms. The optic tectum showed a higher vulnerability than the hypothalamus and cerebellum, since a cell loss was recorded after longer exposure and also at the end of post-exposure period. At this time, fish expressed also a multitude of behavioral traits, related both with motor function and mood/anxiety status. -Overall, iHg is a relevant neurotoxicant in fish and inductor of behavioral changes at the motor and mood/anxiety level. This needs to be considered in future studies addressing Hg toxicity in fish, namely regarding environmental health assessment. Keeping in view the multiphasic response profile of morphometric alterations in brain and associated motor and mood/anxiety behavioral changes, the implementation of several sampling times is strongly recommended under real field situations of hazard evaluation.
